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Description 
Beaded capillaries For Capillary Electrophoresis 

and Chromatographic Separations 

Technical Field 
The ore . invention relates to capillary electrophoresis 

and ce ar; jmatographic separations. In particular, the 

inven- relax. to novel open tubular capillaries having 

insolt       beads     nded to the inside surface of a capillary. 

Background Art 

Capillary electrophoresis (CE) is a method for separating 

liquid components using open tubular capillaries. In CE, high- 

voltage is used to separate ions on the basis of mobility. 

Generally, suitable capillaries are made of plastic or fused 

silica of any length, but ranging from about 10-100 cm and an 

internal diameter (i.d.) of about 2-300 microns. The capillary 

is filled with an electrolyte and then the sample is introduced 

into one end of the capillary by means of siphoning or 

electrokinetic transport. The tube is then placed in contact 

with the electrolyte and a voltage potential of about 10-30 kV 

is applied across the capillary for a typical 100 cm capillary. 

Analytes in the sample of opposite charge are attracted and 

travel to the respective electrode. Positively charged ions 

are attracted to the cathode; negatively charged ions are 

attracted to the anode. A detection cell is located near the 

capillary end and the sample ion peaks are measured as they 

pass across the detection cell, e.g., an ultraviolet (UV) 

absorption detector. 
Ions with the highest mobility travel the fastest through 

the capillary and are detected first. Ions having 

progressively lower mobility travel through the cell more 

slowly and are detected in the order of their relative 

mobility. Thus, in CE the separation of ions is not based on 

capillary wall interactions, but rather is based on the 

relative   mobilities   of   the   ions   travelling   through the 
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capillary. Since the sample ions are not intended to interact 

or partition with the capillary walls, early research in 

capillary electrophoresis was conducted using fused silica 

capillaries having unmodified inner walls. 

Nevertheless, modification of a CE capillary wall is 

useful and sometimes necessary. In some applications, analytes 

must be prevented from adsorbing on the wall of the capillary. 

If adsorption occurs, the analyte peaks are broadened or may 

not be separated. Adsorption is a particularly important 

problem in protein separations. Proteins can be prevented from 

adsorbing onto capillary walls by treating the capillary walls 

to produce a charged surface which repels the proteins. See 

US 4,680,201; Huang et al, J. Microcol. Sep., (1993) 5:199- 

205; Yao et al, J. Chromatogr.,   (1993) 636:21. 

Another reason for modifying the walls of a capillary is 

to suppress electroosmotic flow (EOF). EOF results from the 

flow of the bulk liquid of the electrolyte when a potential is 

applied across the capillary. For applications involving 

capillary isoelectric focusing, for example in protein 

separations, it is necessary to eliminate or substantially 

reduce the EOF. In capillary isoelectric focusing, a pH 

gradient is established along the length of the capillary. The 

capillary is then filled with a sample containing proteins and 

a potential is applied across the capillary. The proteins 

migrate to a point in the capillary which corresponds to their 

individual isoelectric points (the point at which the protein 

has a zero net charge) . Any EOF or bulk flow of electrolyte 

prevents establishment of a stable pH gradient which, in turn, 

destroys the separation characteristics and causes diffusion 

of the proteins. At zero EOF, separation integrity is 

maintained. When the proteins in the mixture have stabilized 

at specific points in the capillary corresponding to their 

isoelectric points, the bulk flow is mobilized to release the 

proteins by pumping  (while maintaining applied voltage), by 
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changing the pH gradient or by changing the ionic strength in 

the buffer. The protein bands are collected sequentially for 

further workup. 

EOF is a phenomenon caused by a stationary or semi- 

permanent charge on the capillary walls. For example, weak 

cationic exchange sites (due to ionized silanol groups from the 

fused silica) have a negative charge. Cations in the 

electrolyte form a diffusion layer of positive ions attracted 

to the negative wall charge. When a potential is applied, 

these cations are attracted to the negatively charged cathode. 

EOF or flow of the bulk of the electrolyte fluid results from 

"dragging" of water molecules which hydrate these cations as 

the cations migrate to the cathode. Thus, a negatively charged 

capillary wall has an EOF to the cathode. Conversely, a 

positively charged   capillary wall has an EOF to the anode. 

Methods are known for suppression of the EOF by 

eliminating charges on the capillary wall. US 4,608,201 

discloses coating the inside wall of a capillary with a neutral 

polyacrylamide polymer. Monomer and catalyst are added to the 

capillary and polymerization is initiated inside the capillary 

to deposit the neutral polymer on the capillary walls. 

Capillaries having polymer coated inner walls are available 

commercially (ABI, Foster City, CA). Polyacrylamide coatings 

have the disadvantage that the coating is not pH stable and 

must often be replaced. 

Finally, another reason for controlling the magnitude and 

direction of the EOF is to decrease the analysis time. This 

is accomplished by controlling the EOF so that it is in the 

same direction as the migration of the analyte ions. As noted 

above, anions migrate to the anode. Normal EOF in fused silica 

capillaries is toward the cathode due to the negative charge 

on the fused silica surface. Anion migration is counter to the 

EOF flow and CE analysis of anions with this type of capillary 

requires     long    times    and    generally    produces unusable 

SUBSTITUTE SHEET (RULE 26) 
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electropherograms for some ions. However, if a capillary is 

modified to have a positive wall charge (anion exchange sites), 

the EOF is toward the anode. In this case, the EOF is in the 

same direction as anion migration resulting in improved 

performance and shortened run times. Good results have been 

obtained with anion exchange groups coated on a capillary wall. 

The anion exchange groups may be coated on the wall by means 

of dynamic coating with specific reagents added continuously 

to the analyte (US 5,015,350). Surfactants containing anion 

exchange groups have been used to coat capillary walls on the 

basis of dynamic coating. In dynamic coating, an equilibrium 

is established between the surfactant in the electrolyte and 

surfactant transiently bound to the capillary wall. However, 

due to equilibrium differences, dynamic coating often gives 

nonreproducible results. Additionally, the equilibrium of the 

dynamic coating in solution with the wall is readily disturbed 

by the sample ion strength, pH, etc. 

A semi-permanent anion exchange coating has been 

established by adsorption (J.E. Wiktorowicz and J.C Colburn, 

Electrophoresis, (1990), 11:769) and by molecular and polymeric 

binding and coating (R. Keer and L. Jung, French Patent WO 

92/05433; J.K. Towns and F.E. Regnier, J. Chromatogr. (1990) 

516:69; A.M. Dougherty et al, J. of Liq. Chromatogr. (1991) 

14:907; J.T. Smith and Z. El Rassi, Electrophoresis, (1993), 

14:396). However, these coatings are unstable and degrade in 

aqueous buffers particularly at high and low pH. Both static 

and dynamic coatings are frequently unstable in high organic 

solvent concentrations. 

US 4,486,312 describes a device and method of using tubing 

with protuberances on its inner wall for liquid chromatography. 

US 4,101,460 describes a packed column bead for liquid 

chromatography in which the beads contain a large polymeric 

substrate and a small insoluble polymer agglomerated on the 
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surface of the substrate to produce a packed column for 

chromatography. 

US 5,151,164 describes capillary zone electrophoresis in 

which an external electric field is applied to the exterior of 

the capillary tube as a means of controlling the polarity and 

magnitude of the surface charge on the interior surface of the 

capillary. 

A need continues to exist for a method of coating the 

inner walls of capillaries for the purpose of modifying the EOF 

and improving the efficiency of capillary separation 

techniques. 

Disclosure of the Invention 

Accordingly, one object of the present invention is to 

provide a method of bonding ion exchange groups to the inside 

walls of a capillary tube. 

A further object is to provide a method of bonding ion 

exchange groups to capillary walls which provides substantially 

stable coatings both at high and low electrolyte pH values. 

A further object of the invention is to provide coated 

capillaries which can be used to modify a sample prior to 

separation by removing impurities or changing the pH of a 

sample prior to detection. 

These and other objects of the present invention which 

will become apparent from the following disclosure have been 

achieved by the beaded capillary of the present invention in 

which insoluble beads are bonded to the inside capillary walls 

to produce a "beaded capillary". The beads which are bonded 

to the inside capillary walls in the present invention are 

generally spherical. However, the beads need not be perfectly 

spherical and can have any irregular particle shape so long as 

the beads can be bonded to the capillary wall. The invention 

also includes capillary electrophoresis and capillary liquid 
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chromatography apparatus containing the capillary of the 

present invention and the use of the capillary to separate 

analytes, control EOF and prevent adsorption of analytes on the 

capillary wall. In addition, the capillary of the present 

invention may be used to attract analytes to the capillary wall 

to control selectivity in capillary electrophoresis and 

capillary ion chromatography. The capillary of the present 

invention may also be used to preconcentrate samples, trap or 

remove interfering substances in the sample matrix, and to 

adjust pH of a sample. 

Brief Description of the Drawings 

Figure 1 shows an electropherogram for the separation of 

anions described in Example 2. 

Figure 2 shows an electropherogram for the separation of 

anions described in Example 3. 

Best Mode for Carrying out the Invention 

The beaded capillaries of the present invention are 

prepared by bonding small reagent particles or beads 

(collectively referred to below as "beads" only) to the inside 

wall of a capillary tube. Depending on the specific 

application, the inside diameter of the capillary tube will 

range from about 2 to about 800 microns, preferably about 2 to 

about 300 microns, more preferably about 5 to about 75 microns. 

Such capillary tubes are known in the art and any conventional 

capillary used for capillary electrophoresis or chromatography 

(gas or liquid) may be used in the present invention. 

Typically, the capillaries are made of glass or preferably 

fused silica. However, capillaries prepared from suitable 

plastics such as perfluorinated plastics (i.e. 

polytetrafluorethylene, PTFE) may also be used. The capillary 

may have any desired length. Typically, the capillary will 

have a length from 10 to about 200 centimeters although longer 
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columns may also be used. Columns suitable for use in 

miniaturized chromatography equipment using shorter columns 

with lengths of about 0.5-5 centimeters may also be used in the 

present invention. The cross section of the capillary is 

generally circular, but may also be oval, square, rectangular, 

etc. These very small capillaries (microcapillaries) can be 

used in conjunction with known electronic microcircuitry 

including microcircuits contained on a substrate such as 

silicon or germanium. The microcapillary may be located on the 

substrate, etched into the substrate, or may be drilled into 

the solid substrate itself. In this embodiment, the capillary 

is in the form of a microbore through the substrate. 

The beaded capillaries of the present invention are small 

open tubes of any length having small insoluble beads attached 

to the inside wall. The insoluble beads are normally spherical 

with an average particle size ranging from about 0.005 to about 

2 microns, preferably about 0.02 to about 0.3 microns. 

Individual bead sizes may vary so long as substantially 

all of the beads have a diameter less than about 2.0 microns. 

By "substantially all of the beads" is meant that 95-100%, 

preferably 98-100% of the beads have a diameter of about 2.0 

microns or less. In a particularly preferred embodiment, the 

bead diameters fall within a narrow diameter range and thereby 

provide a narrow particle size distribution. 

The beads are attached to the capillary wall such that 

fluid (e.g., electrolyte) flow through the capillary is 

maintained. Although suitable fluid flow is maintained for a 

wide range of bead diameters, the ratio of average bead 

diameter to capillary inside diameter is preferably in the 

range of about 2.5 x 10*5 to about 2.0 x 10"1, more preferably 

in the range of about 1.0 x 10"3 to about 1.5 x 10"2. 

Suitable beads may incorporate chemical functional groups, 

such as cation exchange resins, anion exchange resins, reversed 

phase column chromatographic materials, chelating ion exchange 
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resins, and any other type of bead which is capable of binding 

the substance of interest• 

Many substances have the ability to behave as ion- 

exchangers. These substances include clays, natural and 

synthetic zeolites, certain glasses, some inorganic oxides and 

insoluble salts, and some functionalized organic polymers. The 

most important type of ion-exchange resins are made from 

organic polymers such as styrene-divinylbenzene copolymers. 

Examples of typical ion-exchangers useable in the present 

invention are shown below. These materials may be milled to 

the desired particle size using known methods and equipment. 

Examples of ion exchange types.  

Type  Example Example Formula  

Clay kaolinite Al2Si.05 (OH) , 
Zeolite natrolite Na2(Al2Si3O10) •2H20 
Inorganic Oxide alumina A12°3 
Inorganic Salt zirconium phosphate Zr (HPOJ^HgO 
Polymer DOWEX 1X8 Cy^(C6H4) CHJ* (CHj) 3C1 

Chelating ion-exchange resins have a chelating functional 

group built into or covalently attached to a polymer resin. 

Chelating resins are capable of taking up only a small group 

of metal ions or may complex a larger group of metal ions, 

where selectivity is obtained through pH control. Typical 

chelating resins which can be used in the present invention 

include iminodiacetic acid resins, hydroxyoxime resins, 

thioglycolate resins, acetamide resins, N-benzoylmethyl- 

hydroxylamine resins, isothiuronium resins, and resins 

containing crown ether groups (e.g., 12-crown-4, 18-crown-6) 

which take up and chelate alkali and alkaline earth metal ions. 

Specific resins are commercially available in particulate form 

in a variety of particle sizes. These resins may be milled to 

the desired particle size using known methods.    Any of these 
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commercially available chelating resins may be used in the 

present invention. 

Additional chelating ion-exchange and ion-exchange resins 

which can be used as the beads in the present invention are 

described in D.T. Gjerde and J.S. Fritz, "Ion Chromatography", 

Huethig:Heidelberg, 1987. Normal phase and reversed phase 

chromatography materials which can be used as the beads of the 

present invention are described in L.R. Snyder and J.J. 

Kirkland, "Introduction to Modern Liquid Chromatography", 

Wiley:New York, 1979. Any of the resins or chromatography 

materials described in these references may be used in the 

present invention and milled to the desired particle size, 

provided they meet the pH stability requirements necessary for 

the particular application for which they are intended. 

Additionally, the beads may contain affinity sites. Such 

affinity sites include receptors for the analyte. The receptor 

which is bound to the bead may be any of the well-known 

receptors including antibodies which specifically bind the 

analyte as well as other biological receptors such as binding 

proteins which are known to bind the analyte of interest. Non- 

limiting examples of such analyte/binding proteins include 

thyroxin/thyroxin-binding globulin, cortisol/corticosterone- 

binding globulin and insulin/insulin-binding proteins. The 

affinity receptor or antibody can be bound to the bead using 

known reactions which are well known for binding such receptors 

to polymeric beads in conventional immunoassays. 

The beads may be bonded or attached to the inside wall of 

the capillary by a variety of means. In one embodiment of the 

invention, the beads are attached to the capillary walls 

through a combination of electrostatic and physical forces. 

A beaded capillary is prepared by pumping an ion-exchange 

(bead) suspension through the capillary until suspension 

material exits from the opposite end of the capillary. The 

ion-exchange beads are attracted and attached to the wall of 
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the capillary producing the beaded capillary of the present 

invention. For example, a beaded, fused silica capillary can 

be prepared by pumping an anion exchange suspension through a 

base conditioned capillary. The anion exchange beads are 

attached to the wall of the capillary. 

Preferably, the capillary is thoroughly washed and cleaned 

before attaching the insoluble beads to the inside wall of the 

capillary. Organic contaminants can be removed by flushing the 

capillary with a suitable organic solvent such as 

tetrahydrofuran (THF). Ionic contaminants can be removed by 

alternately flushing the capillary with acid and base 

solutions. Finally, the capillary should be thoroughly washed 

with water to remove any residual contaminants and remaining 

acid, base or organic solvent. 

Anion exchange sites on the anion exchange beads produce 

an EOF in the anode direction. This is opposite to the EOF of 

bare, unmodified silica which has an EOF in the cathode 

direction as described above. The reverse EOF flow in this 

capillary is stable at both high and low pH conditions. By 

"stable" as used with respect to this invention means a beaded 

capillary in which a substantial amount of the beads remain 

attached to the capillary wall after washing with 200 column 

volumes of acid or base eluate. The stability of the beaded 

capillary can be determined by measuring the EOF flow after 200 

column volumes of 1.0 M HCl, saturated NaCl solution, NaOH 

solution (pH 11.5), or 100% tetrahydrofuran (THF) are passed 

through the capillary. A reduction in EOF of 20% or less after 

200 column volumes of eluate indicates a stable beaded column 

and therefore a column in which a substantial amount of the 

beads have remained attached to the capillary wall. The 

stability is determined by producing similar EOF measurements 

using mesityl oxide as a neutral marker with a TRIS buffer (pH 

8.0). 
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The stability of the beaded capillaries of the present 

invention at very low pH (acid, pH < 1.0) and very high pH 

(base, > pH 12.5) is surprising especially considering all 

previous work performed with silica-based HPLC packings. As 

the pH of the eluate is lowered, one would expect the silanol 

groups to become protonated with subsequent release of the 

beads from the capillary wall as the electrostatic attraction 

is decreased. However, it has been discovered that the beads 

are stable on the capillary wall even when the capillary is 

treated with eluate at a very acid pH, much lower than the pKa 

of the silanol groups. While not being bound by any particular 

theory, it is believed that the stability of the beaded 

capillary of the invention is due at least in part to shielding 

of the silanol groups from acid or base reagents by the beads 

which are attached to the capillary surface. 

In addition to unmodified fused silica capillaries, cation 

exchange sites may be attached to the capillary wall of 

capillaries containing strong acid surface groups. The strong 

acid groups produce a stronger electrostatic bond because the 

strong acid sites on the capillary wall generate stronger 

electrostatic attraction to the ion exchange bead. For 

example, strong acid groups on a capillary prepared from a 

perfluorinated substrate or a capillary having strong acid 

binding sites on the capillary wall may be used to attach anion 

exchange beads to the capillary wall. In the same manner as 

described above, a suspension of anion exchange beads are 

passed through the capillary and attached to the surface of the 

capillary wall. A suitable strong acid-containing capillary 

is commercially available under the trade name NAFION (Dow 

Chemical Company). 

When the beads contain ion exchange sites, the beaded 

capillaries of the present invention may have a single layer 

of beads attached to the capillary wall or multiple alternate 

layers of ion-exchange beads.    A first layer of ion-exchange 
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beads is prepared on the capillary wall by passing a suspension 

of anion exchange beads through the capillary resulting in 

attachment of ion-exchange beads to the capillary wall and 

producing an anion exchange beaded capillary. A second layer 

of beads can be formed on this first layer by passing a 

suspension of cation exchange material through the anion 

exchange beaded capillary resulting in attachment and 

attraction of the cation exchange beads to the first layer. 

Thus, a double layer beaded capillary is formed where the top 

layer is cation exchange beads and the bottom layer is anion 

exchange beads. The EOF of this double-layer beaded capillary 

is the reverse of the EOF of the single layer anion exchange 

beaded capillary; the EOF of the double-layer capillary is now 

toward the cathode. This method can be used to form a beaded 

capillary having multiple alternating layers of ion exchange 

beads. Each time a new layer is added, the direction of the 

EOF flow is characteristic of the net charge which is exposed 

by the top layer of beads. The beads remain attracted to the 

capillary wall by electrostatic and physical forces producing 

stable beaded capillaries. 

The synthesis of beaded capillaries having multiple layers 

of beads allows the preparation of beaded capillaries having 

simultaneously exposed anion and cation exchange sites. That 

is, the layers of beads on the capillary are uniform but do not 

completely cover the surface of the capillary wall or the prior 

layer of attached beads. The net charge of the exposed ion 

exchange sites determines the direction of EOF flow when both 

cation and anion sites are exposed. 

High surface area, low capacity macroporous beads attached 

to the capillary wall significantly increase the surface area 

and impart partitioning or adsorptive capacity to the capillary 

wall. Suitable high surface area low capacity macroporous 

beads include small beads based on the chemistry used for anion 

exchangers in ion chromatography (D.T. Gjerde and J.S. Fritz, 
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"Ion Chromatography", Huethig:Heidelberg, 1987). For example, 

a 400 m2/G macroporous anion exchange bead with low capacity 

groups (about 0.1 mequiv/g) can be attached to the surface of 

a capillary producing a high surface area capillary wall. 

Chelating ion exchange beads are also ion exchange beads 

and are attached to the capillary wall in a manner analogous 

to the way in which cation and anion exchange beads are 

attached to the capillary wall as described above. 

The beaded capillaries have many uses. The attachment of 

anion, cation, and chelating ion exchange sites to the 

capillary wall modifies the properties of the capillary 

allowing control of the direction and magnitude of the EOF in 

capillary electrophoresis applications. The bead attached to 

the capillary wall is generally spherical and ion exchange 

sites (charges) are immobilized on the capillary wall in all 

directions on the spherical particle. When negative charges 

are attached to the capillary wall (cation exchange resin) the 

EOF is toward the cathode. When positive charges are attached 

to the capillary wall (anion exchange resin) the EOF is toward 

the anode. The magnitude of the EOF is proportional to the 

strength of the charges on the attached beads. For example, 

at low pH strong cation exchange sites will produce a stronger 

cathodal EOF than weak cation exchange sites. The present 

invention, therefore, allows one to control both the direction 

and magnitude of the EOF for capillary electrophoresis 

applications. 

The use of organic solvents with the beaded capillary of 

the invention allows one to further control separation of ions. 

The EOF results from dragging of water molecules which hydrate 

ions as the ions migrate to the anode or cathode. Reducing the 

hydration diameter of an ion will therefore increase the 

mobility of the ion in the capillary. The use of organic 

solvents dehydrates ions reducing their hydration diameters. 

Suitable organic solvents for use with the beaded capillaries 
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of the present invention include Cw alcohols, or other water- 

miscible solvents. These organic solvents are added to the 

electrolyte at a concentration of about 10-90 vol.%. 

In addition to controlling EOF, the presence of charged 

sites on the capillary wall prevents the adsorption of analytes 

to the wall in electrophoresis applications with relatively 

large capillaries (about 75-200 microns i.d.). Since 

separations in CE are based on relative mobilities of ions, it 

is important to prevent adsorption of the analyte to the 

capillary wall. Charged walls prevent adsorption of analytes 

when the charge on the wall is the same as the net charge of 

the analyte. For example, adsorption of proteins having a net 

overall positive charge is prevented when the capillary wall 

has a net positive charge. 

The beaded capillaries of the present invention are also 

useful to separate analytes by capillary electrophoresis and 

by ion chromatography. Capillaries used for capillary 

electrophoresis and ion chromatography using an electrokinetic 

pump to introduce the sample are preferably made of a material 

which is non-electrically conducting. Ion chromatography using 

a pressure pump may use either a conducting or non-conducting 

capillary. A preferred eluate pH for these applications is 

about pH 10-13. Further, the capillaries should be flexible 

to allow for adequate sample introduction into the capillary. 

Suitable non-conducting flexible capillaries are made of fused 

silica and polymers such as PTFE. A sample of analyte is 

introduced into one end of the capillary and components of the 

sample are separated by their relative mobility through the 

capillary as described above. Bands of the separated analytes 

are detected as they exit the opposite end of the capillary 

using a conventional detector for the analyte, for example, a 

UV absorption detector. The presence of ion exchange beads on 

the capillary wall influences the EOF and adsorption of 

analytes as discussed above. 
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As the inside diameter of the capillary is decreased, 

interactions between the analyte passing through the capillary 

and the beads attached to the capillary wall increase. The 

beads attract or partition with the analyte to produce a 

separation which is based on a capillary ion chromatography or 

an open tubular liquid chromatography (OTLC) separation 

mechanism. In OTLC, eluate flow through the capillary is 

maintained by a pressure pump or an electrokinetic pump (bulk 

fluid flow based on EOF) . Generally, OTLC applications require 

capillary inside diameters of 20 microns or less. A larger 

capillary inside diameter has poor kinetic transport properties 

and poor partitioning between the mobile phase and the 

stationary phase. The use of large capillaries in conventional 

OTLC results in broadening of chromatographic peaks. 

In contrast to conventional OTLC, separations using beaded 

capillaries having an i.d. of about 20-75 microns are believed 

to be able to operate by a combination of CE and OTLC 

separation mechanises allowing the use of larger capillary 

inside diameters, notwithstanding the use of larger capillary 

diameters, the beaded capillaries of the present invention 

produce substan4- .a? ly less peak broadening than capillaries of 

the same size - ed with conventional OTLC. The beaded 

capillaries of t.he invention allow one to separate analytes 

using larger capillaries while combining the benefits of both 

CE and OTLC separation mechanisms. 

The presence of charged beads on the capillary surface 

allows one to control the separation efficiency of a capillary 

in CE for tubes of intermediate i.d., about 20-75 microns. As 

noted above, it is generally desirable to minimize interactions 

between the analyte and the capillary wall in CE since 

separation is based on mobility and not partitioning between 

the analyte and a stationary phase. However, the beaded 

capillary of the invention allows one to use a combination of 

OTLC   and   CE   to   effect   separation   and   uses analyte/wall 
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interactions to control selectivity. As the capillary i.d. 

decreases below 20 microns, separation is believed to occur 

substantially by the OTLC mechanism alone. 

The beaded capillaries of the present invention may also 

be used to preconcentrate an analyte prior to separation or 

detection. For example, a small short capillary containing 

cation and anion exchange sites (beads) exposed on the 

capillary wall may be used to concentrate all charged analytes 

in a sample prior to separation. The cation exchange sites may 

be present on a strong acid cation exchanger in the H* form. 

The anion exchange sites may be present on a strong base anion 

exchange resin in the OH'- form. Filling the capillary with 

sample results in reversible binding of both anions and cations 

with release of hydroxide (OH') and protons (H*,) respectively, 

which combine to form water. A capillary would thus pick up 

and bind all ions in the sample to the capillary walls. The 

reversibly bound analytes may then be eluted into a separation 

capillary for CE separation and analysis. Separation begins 

when the sample is released from the preconcentrator capillary 

with    a    carrier    electrolyte     (buffer). Similarly, a 

preconcentrator capillary can be used to preconcentrate ionic 

analytes prior to ion chromatography. Preconcentrator 

capillaries can be used with a variety of analytical 

instruments including atomic emission, atomic adsorption and 

mass spectrometers* 

The beaded capillaries of the present invention may also 

be used to remove interfering substances or to contribute 

reagents to an analyte solution to facilitate detection. 

Chelating groups attached to the capillary wall will remove 

ionic contaminants prior to analysis. For example, a chelating 

group specific for iron ions will remove iron ions from an 

analyte solution without interfering with other analytes prior 

to conventional analysis. Beaded capillaries may also be used 

to  remove   interferences   in   gas   chromatography   (GC) using 
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capillary separation. For example, a beaded capillary 

containing cation exchange groups in the acid form may be used 

as a pre-column in the injector port of a gas chromatograph. 

The cation exchange sites in the beaded capillary bind and trap 

amine compounds before they can enter a separation capill *. ry. 

The beaded capillaries may also be used to modify the 

properties of analyte solution passing through the capillary 

prior to analysis. For example, cation exchange beads in the 

acid form on the capillary wall will contribute buffering 

protons to the analyte solution to control pH prior to the 

analysis. Similarly, anion exchange beads in the hydroxide 

form will contribute buffering hydroxide ions to -he analyte 

solution. 

In a further embodiment of the invention, the beads are 

covalently bound to the capillary wall. When the capillary is 

a fused silica capillary, covalent bonds may be formed with 

exposed silanol groups using conventional silane chemistry. 

For example, the surface of a fused silica capillary can be 

modified by contact with y-glycidoxypropyltrimethoxysilane and 

heating. This produces a first layer having reactive glycidoxy 

groups available for bonding to appropriate nucleophilic groups 

on the beads used to form the beaded capillary. Reactive 

groups on the beads include amine, hydroxy1 and thiol groups 

which react with the exposed glycidoxy groups on the first 

coating layer. Similar reactions have been used to attach 

hydroxypropyl cellulose to capillary surfaces. See J.T. Smith 

and Z. El Rassi, Electrophoresis, (1993), 14:396-406. These 

reactions can be used to attach the beads having ion exchange 

groups, chelating groups, reverse phase groups, and affinity 

groups. 

Other features of this invention will become apparent from 

the following description of exemplary embodiments of the 

invention which are given for purposes of illustration and are 

not  intended to be limiting thereof.     Examples reduced to 
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practice in the laboratory are presented in the past tense; 

examples constructively reduced to practice by filing are 

presented in the present tense. 

EXAMPLES 

Example 1 - Preparation of Beaded Anion Exchanger Capillary 

A fused silica capillary (Polymicro, Phoenix, AZ), 75 urn 

i.d. (inside diameter) , 357 o.d. (outside diameter) , L = 60 cm, 

1 = 42 cm, was treated to form a positively charged wall 

coating. The capillary was conditioned with tetrahydrofuran 

for 20 minutes at a flow rate of approximately 1 

microliter/min, followed by a quick water wash, a 30 minute 

wash of 1 M NaOHr a quick water wash until neutral, a five 

minute wash with 1 M HC1, and finally a water wash until 

neutral. Then the capillary was treated with 20 mM, pH 8.0 

TRIS chloride buffer. Finally, the capillary was coated with 

a dilute suspension, approximately 0.01% wt/vol of 0.1-0.2 

micron particle, strong base anion exchanger (acrylic-styrene 

copolymer with quaternary amine groups, Type Al, Sarasep, Santa 

Clara, CA). The suspension was passed through the column 

(approximately 5 minutes) until excess material exited from the 

end of the capillary. Then, the capillary was washed with the 

TRIS chloride buffer until the absorbance at 254 nm was 

constant. 

After treatment, the capillary electroosmotic flow was 

anodal 2.69 x 10*4 cm2/volt-sec using mesityl oxide as the 

neutral marker in a pH 8.0 TRIS chloride buffer. 

A second treatment with the Type Al anion exchanger 

suspension resulted in an identical EOF, anodal 2.63 x 10~4 cm 
2/volt-sec. Then the capillary was treated with 1 mM 

cetyltrimethylammonium bromide- This treatment also, did not 

change the EOF (2.90 x 10"4 cm2/volt-sec) . The results showed 

the coverage of the capillary wall was complete with the 

original treatment of Type Al anion exchange suspension beads. 
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In a second experiment, a second capillary was prepared 

and the EOF measured as a function of pH in a phosphate buffer. 

The EOF was constant over a pH range of 6.5 to 11.5 with EOF 

flows of 2.0 x 10*4 to 1.8 x 10'4 cm2/volt-sec, respectively. 

The capillary was then tested for organic solvent 

stability. The capillary was washed with at least 200 column 

volumes of tetrahydrofuran. The EOF of the capillary was 

identical before and after treatment with the solvent. 

The capillary was also tested for stability with high 

concentrations of salts. Two hundred (200) column volumes of 

a saturated solution of NaCl was pumped through the capillary. 

After the treatment, the capillary was filled with electrolyte 

and the EOF measured.    There was no change in the EOF. 

Next, the capillary was tested for pH stability. The 

capillary was treated with at least 700 column volumes of pH 

2.5, pH 11.5 and then ,pH 1.5 phosphate buffer. The EOF was 

measured between each treatment and found to be constant with 

the original EOF measurements. Then, the capillary was treated 

with 200 column volumes of 1 M HC1. The EOF did not change 

with the acid treatment. Finally, the capillary was treated 

with 200 column volumes pH 12.4 phosphate buffer. After this 

treatment, the EOF decreased by approximately 20% indicating 

either a reduction of the positive charges on the capillary 

wall or an increase of negative charges due to exposed silanol 

groups. 

Example 2 - Use of Beaded Anion Exchange Capillary for Coflow 

CE Separation of Anions 

The capillary described in Example 1 was used to determine 

the purity of ribonuclease (RNAase). RNAase, 2mg/mL, was 

separated with a 10 mM sodium phosphate electrolyte buffer at 

pH 7.3. Direct detection was used at 220 nm and 0.005 AUFS 

(Absorbance Units Full Scale sensitivity) and 25 kV potential. 

The major peak component was  detected  at  6.1  min with an 

i 



WO 95/10344 PCTAJS94/11430 

-20- 

impurity at 5.3 min. The impurity was tentatively determined 

to be RNAase with improper sulfide linkages or an aggregated 

form.   It was present at approximately 5% impurity level. 

In another separation, the capillary described in Example 

1 was used to separate a mixture of bromide (4 ppm), chloride 

(2 ppm), sulfate (4 ppm), nitrite (4 ppm), nitrate (4 ppm), 

fluoride (1 ppm), and phosphate (4 ppm). 5.0 mM sodium 

chromate (no pH adjustment) was used as the electrolyte and the 

absorber for indirect detection. There were no other additives 

in the electrolyte. The separation performed at 15 kV 

potential was quite rapid (see Fig. 1) . These conditions may 

be used for several types of sample mixtures. 

Example 3 - Use of Anion Exchanger Coating for Selectivity 

Control Using Combination of CE Mobility and OTLC Ion Exchange 

Partitioning Separation Mechanisms. 

A capillary was prepared in exactly the same was as 

described in Example 1 except that a different anion exchanger 

(acrylic-styrene copolymer with quaternary and tertiary amine 

groups, Type A2, Sarasep, Inc.) was used as the wall beads. 

The same conditions as described in Example 2 was used to 

separate the mixture of anions. The results are shown in Fig. 

2. The degree of separation can be controlled by choosing the 

type of anion exchanger and capillary as shown in Example 4. 

Example 4 - Increased Contribution of OTLC Partitioning 

Mechanism for CE Separation of Ions. 

In Examples 2 and 3 the effect of the OTLC wall 

partitioning effect is minimal and CE mobility is the major 

contributor to the separation mechanism. However, the effect 

of OTLC ion exchange partitioning can be made to have a larger 

influence by reducing the inside diameter of the capillary in 

the range of 25-50 microns. This reduces the distance the 

analytes have to travel to the wall to partition and interact 
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with the wall. A 25 micron capillary is made into a beaded 

anion exchanger capillary according to the procedure stated in 

Example 1. A mixture of anions is injected into the capillary 

and separated according to the conditions described in Examples 

2 and 3. In this case, ion exchange effects are more 

pronounced although the separation due to ion mobility is still 

effective. The elution order of the ions is nitrite, nitrate, 

sulfate, and then fluoride. In this case, sulfate elutes later 

than nitrite and nitrate even though sulfate has a higher 

mobility than these ions. However, fluoride still elutes after 

sulfate because it has a low mobility relative to the other 

ions. 

Example 5 - Use of Anion Exchanger Capillary for OTLC Ion 

Exchange Separation of Anions. 

At capillary diameters, about 25 microns and smaller, the 

main contribution to selectivity is due to ion exchange 

partitioning. A 10 micron capillary is coated with an anion 

exchanger stationary phase according to the procedure described 

in Example 1. An eluant of 20 mM sodium hydroxide is pumped 

through the column, and suppressed conductivity detection is 

used. The pump may be electrokinetic type (using the 

electroosmotic flow to pump fluid through the column and 

detector) or a pressure type pump. A mixture of anions is 

injected. They partition with the stationary phase on the wall 

of the capillary and elute in order of: fluoride, chloride, 

nitrite, bromide, phosphate, and sulfate. The selectivity is 

consistent with anion exchanger selectivity coefficients of 

fluoride < chloride < nitrite < bromide < phosphate < sulfate. 

Example 6 - Use of a Beaded Capillary to Reduce Electroosmotic 

Flow. 

A beaded capillary is prepared according to the procedure 

described  in  Example   1.      Then,   a  dilute   solution  of C18 
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sulfonic acid surfactant salt is pumped through the capillary 

and washed with buffer. The anion of sulfonic acid forms an 

ion pair with all of the exposed anion exchange sites. This 

causes the wall to have a neutral charge and decrease the 

electroosmotic flow. The capillary is then filled with an 

electrolyte. The electrolyte contains anions such as phosphate 

that have much lower selectivity and do not displace the C18 

sulfonic acid anions. 

Example 7 - Use of Beaded Anion Exchanger Capillary for 

Preconcentration of Anions. 

A beaded anion exchanger capillary is made according to 

Example 1 described above. A short length (approximately 5 cm) 

of the capillary is used and treated with 10 mM NaOH. This 

converts all of the anions exchange sites to the OH-form. The 

capillary is then filled with the sample. Anions in the sample 

have higher selectivity for the anion exchanger and attach to 

the wall releasing hydroxide. The process takes approximately 

15 minutes to come to equilibrium. Then, the capillary is 

attached to an analytical instrument. A buffer is passed 

through the capillary releasing the anions and the anions are 

transferred into the instrument or separation column for 

analysis. The buffer is of sufficient concentration and 

selectivity (e.g. 100 mM phosphate) so that the anions released 

travel as a plug to the instrument. Thus, preconcentration 

factors of greater than 100 can be achieved* Instruments 

suitable for anion analysis include, mass spectrometer, 

emission spectrometer, capillary electrophoresis, and liquid 

chromatograph. 

Example 8 - Preparation of a Two Layer and Multi Layered Beaded 

Capillaries. 

A capillary was prepared as described in Example 1. Then 

a dilute (approximately 0.01% wt/vol.)  suspension of Type CI 
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fully sulfonated cation exchanger beads in pH 8.0 20 mM TRIS 

chloride buffer was pumped through the capillary for about 5 

minutes and was finally rinsed with 20 mM TRIS chloride (pH 

8.0) until the absorbance at 240 nm was near zero. Type CI 

beads are a 0.2 micron, full sulfonated 

poly(styrene/divinylbenzene) based strong acid cation exchanger 

(Sarasep, Santa Clara, CA) . The EOF was measured and then the 

capillary was treated with a suspension of opposite charge 

(Type Al anion exchanger). Each treatment resulted in an 

additional layer of beads. Shown below is the EOF after each 

treatment of suspension beads: 

Experiment   Ion Exchanger EOF EOF 
Treatment Direction (10"~4 cm2/volt-sec) 

1 anion-Al anodal 3.0 
2 cation-Cl cathodal 3.0 
3 anion-Al anodal 2.2 
4 cation-Cl cathodal 1.6 
5 anion-Al anodal 2.3 

Each treatment with the alternate ion exchanger bead 

reversed the EOF. In this case, the magnitude of the EOF 

reversal was smaller with each treatment indicating that some 

of the opposite charge bead was still exposed on the layer just 

beneath the top layer. More complete coverage is accomplished 

by using a top bead that has a smaller diameter than the base 

layer. In this example, both the anion exchanger and cation 

exchanger beads had similar diameters - approximately 0.1-0.2 

microns• 

Example 9 - Use of a Two Layer Anion Exchanger/Cation Exchanger 

Beaded Capillary for Preconcentration. 

A short capillary is prepared according to experiment 2 

described in Example 8 with the following changes. The anion 

exchanger coated in the first step is in the OH-form and the 

cation exchanger is coated in the second step is the H-form. 



WO 95/10344 PCT/DS94/11430 

-24- 

Th e cation suspension does not contain any residual anions that 

might convert any of the anion exchange sites to another form. 

Then a sample is used to fill the capillary. The anions from 

the sample replace the anion exchanger hydroxide anions and 

cations from the sample replace the cation exchanger hydronium 

ions. The released hydroxide and hydronium ions combine to 

form water. This drives the equilibrium so that all of the 

anions from the sample are taken up by the wall sites. The 

capillary is then treated to release and analyze the 

preconcentrated ions as described in Example 7. 

Example 10 - Preparation of a Single Layer Cation Exchanger 

Beaded Capillary. 

A capillary containing anion exchange sites is treated 

with a suspension of Type CI (Sarasep, Santa Clara, CA) fully 

sulfonated cation exchanger to form a capillary that contains 

cation exchange sites on the wall. An anion exchanger 

capillary contains anion exchange sites that are either part 

of the capillary wall or bonded to the capillary wall. In this 

example, tubular polytetrafluoroethene is filled with 

vinylbenzylchloride monomer and allowed to stand for 1 hour. 

Then the excess monomer is flushed from the tube with air. The 

tube is irradiated with gamma radiation to polymerize the 

monomer. Then    the    capillary    is    treated    with 10% 

dimethylethanol amine at 80°C to convert the surface of the 

capillary wall to strong base anion exchange sites. Finally, 

the capillary is treated with a suspension of cation exchanger 

as described in experiment 2 in Example 8. The EOF for the 

cation exchanger beaded capillary is cathodal. Since the 

groups are strong acid cation exchange sites, the EOF is not 

dependent on electrolyte pH. 

Example 11 - Use of a Beaded Cation Exchanger for Trapping 

Amines Prior to GC Separation. 
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A cation exchanger capillary sleeve is prepared using 

procedure in experiment 2 in Example 8. The capillary is 

treated with 0.1 M nitric acid so that it is in the H-form. 

The capillary has dimensions - about 300 microns i.d. - so that 

it is inserted in the injection^port of a capillary gas 

chromatograph (GC) and can interface directly with the bonded 

phase fused silica gas chromatography column. Samples that are 

injected in gas chromatograph are vaporized inside the 

capillary sleeve. Amines and metal contaminants are trapped 

by the cation exchange sites on the beaded capillary sleeve 

wall before they can enter the gas chromatography separation 

column. 

Example 12 - Use of a Beaded Capillary to Trap Interference 

Metals Prior to Detection. 

A cation exchanger beaded capillary is prepared according 

to Example 10. The capillary is connected to a Direct 

Injection Nebulizer (Cetac Technologies, Omaha, NE) which in 

turn is connected to a Inductively Coupled Plasma and Mass 

Spectrometer (ICP-MS). The cation exchanger beaded capillary 

transports sample from the sample vial to the nebulizer. 

Cations in the sample [Fe(III) in particular] are taken up by 

the beaded capillary. Anions such as arsenate, arsenite, 

selenate, and selenite pass through the capillary unretained 

and are detected by the ICP-MS. Then, the capillary is treated 

with 4 N nitric acid to release the cations. The cations 

travel as a plug into the nebulizer and ICP-MS where they are 

detected. Then, the capillary is washed with water to make it 

ready for the next sample. 

Example 13 - Effect of Organic Solvents on EOF with Beaded 

Capillaries. 

A beaded anion exchanger is prepared according to Example 

1.    A separation of anions is performed according to Example 
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2. Methanol is added to the electrolyte at a concentration of 

about 20-80 vol.%. All other conditions are kept constant. 

Anions that have large hydration diameters are "dehydrated" 

with the addition of the organic solvent. Thus, anions that 

have large hydration spheres have increased mobility relative 

to anions that smaller hydration spheres. Fluoride has 

increased mobility relative to chloride, and the resolution of 

fluoride and chloride ion pairs is reduced with the addition 

of methanol to the electrolyte. 

Example 14 - Use of Beaded Capillaries to Perform Reverse Phase 

OTLC Separations. 

A lightly sulfonated macroporous (0.1 meguiv/g) o.2 urn 

bead suspension is prepared and a 20 urn i.d. beaded cation 

exchanger capillary is prepared according to the procedure 

described in Example 10. An eluant of 80/20 methanol/water is 

used to separate a mixture of phenol, benzaldehyde, toluene and 

ethylbenzene. A pressure pump is used to force the eluant 

through the open tubular column and 254 nm UV detection. The 

organic material is separated in the order of phenol, 

benzaldehyde, toluene and ethylbenzene. 

Example 15 - Preparation and Use of Beaded Capillary Containing 

Affinity Site. 

A bare silica capillary can be bonded with anion exchange 

beads containing an additional organic functional group. As 

an example the anionic beads may also have aldehyde groups. 

This functional group binds to amine groups found in biological 

molecules such as proteins, enzymes, antigens and antibodies 

as well as many small molecules or ligands. A doubly coated 

capillary surface will have cathodal flow as in Example 9. 

These cationic beads may also have additional organic 

functional groups which can bind to small ligands and 

biological molecules. 
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Anion exchange beads having an aldehyde group are coated 

on the capillary wall as in Example 1. The capillary is washed 

with 20 mM TRIS chloride buffer (pH =8.0). A dilute solution 

of the amine containing molecule is pumped through the 

capillary under pH conditions which allow bond formation (a 

Schiff base) . The capillary is then washed free of any unbound 

ligand and is ready to use. This surface acts as a biospecific 

site for selective binding of the analytes as they move through 

the capillary under anodal or cathodal electrophoretic 

conditions. To maximize the binding of large molecules such 

as proteins, nucleic acids, and carbohydrates to the beaded 

surface, the organic functional group may be placed at the end 

of a linker arm which is part of the beads. This prevents 

steric exclusion of these large molecules to the surface during 

electrophoresis. 

Obviously , numerous modifications and variations of the 

present invention are possible in light of the above teachings. 

It is therefore to be understood that within the scope of the 

appended claims, the invention may be practiced otherwise than 

as specifically described herein. 
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Claims 

1. A capillary for separating an analyte from a solution 

containing the analyte, comprising a capillary having insoluble 

beads attached to the inside wall thereof, said beads having 

a binding site fcr said analyte, and said insoluble beads 

remaining attached to said inside wall in the pH range 0-12*5. 

2. The capillary of Claim 1, wherein said beads have ion 

exchange binding sites. 

3. The capillary of Claim 2, wherein said ion exchange 

binding sites are cation exchange binding sites. 

4. The capillary of Claim 2, wherein said ion exchange 

binding sites are anion exchange binding sites. 

5. The capillary of Claim 2, wherein said ion exchange 

binding sites are chelating ion exchange binding sites. 

6. The capillary of Claim 1, wherein said beads have 

reversed phase binding sites. 

7. The capillary of Claim 1, wherein said beads have 

affinity binding sites. 

8. The capillary of Claim 1, having an inside diameter 

of about 2 to about 800 microns. 

9. The capillary of Claim 8, having an inside diameter 

of about 5 to about 75 microns. 

10. The capillary of Claim 1, wherein said capillary is 

a fused silica capillary. 

11. The capillary of Claim 1, wherein said insoluble 

beads have an average diameter of about 0.005 to about 2 

microns. 

12. The capillary of Claim 11, wherein said insoluble 

beads have an average diameter of about 0.02 to about 0.3 

microns. 

13. The capillary of Claim 2, having a plurality of 

layers of insoluble beads, said plurality of layers containing 

alternating layers of cation and anion exchange beads. 
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14* The capillary of Claim 1, wherein said capillary is 

within a solid substrate. 

15. The capillary of Claim 1, wherein said capillary is 

non-electrically conducting. 

16. A method of analyzing a fluid sample, comprising the 

steps of: 

flowing a fluid sample containing analytes through an open 

tubular capillary having insoluble beads attached to the inside 

wall thereof, said beads having at least one binding site for 

an analyte, wherein said analyte is bound to said binding site; 

eluting said analyte from said capillary; and 

detecting said eluted analyte. 

17. The method of Claim 16, wherein said method is 

capillary electrophoresis. 

18. The method of Claim 16, wherein said method is open 

tubular liquid chromatography. 

19. The method of Claim 16, wherein said method is 

capillary electrophoresis in combination with open tubular 

liquid chromatography. 

20. The method of Claim 16, wherein said method is ion 

chromatography. 

21. The method of Claim 16, wherein said method is ion 

chromatography in combination with capillary electrophoresis. 

22. The method of Claim 16, wherein said eluting step 

comprises elution with an eluant comprising an organic solvent. 

23. The method of Claim 16, wherein said fluid sample 

contains a contaminating analyte, and said contaminating 

analyte is bound to said binding site thereby removing said 

contaminating analyte from said fluid sample. 

24. A method of increasing or decreasing the pH of a 

fluid sample, comprising the step of: 

flowing said fluid sample through an open tubular 

capillary having insoluble beads attached to the inside wall 

thereof, said beads having ion exchange sites in the proton or 
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hydroxide form, wherein protons or hydroxide ions are released 

from said ion exchange sites to said sample during said flowing 

step to decrease or increase the pH of said fluid sample, 

respectively. 

25. A method of concentrating an analyte in a fluid 

sample, comprising the steps of: 

flowing a fluid sample containing an analyte through an 

open tubular capillary having insoluble beads attached to the 

inside wall thereof, said beads having a binding site for said 

analyte; 

eluting said bound analyte from said capillary with an 

eluant, wherein the volume of said eluant is less than the 

volume of said fluid sample, thereby producing a concentrated 

solution of analyte. 

26. A method of preparing an open tubular capillary 

having insoluble beads attached to the inside wall thereof, 

comprising the step of: 

flowing a fluid suspension of insoluble beads through an 

open tubular capillary having charge sites on the walls 

thereof, whereby said beads bind to the inside wall of said 

capillary. 
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